Summary
Introduction
An estimated 86 million adults in the USA suffer from preclinical diabetes (1) , which accounts for more than $44 billion in annual healthcare costs (2) . Individuals with prediabetes and its sequelae represent a large population at risk for development of type-2 diabetes and coronary artery disease (CAD) (3) that could benefit from early intervention; however, a large proportion of these patients go undiagnosed. Enhanced prevention before onset of overt disease through lifestyle modification is crucial to reducing health complications and the economic burden attributable to cardiometabolic disease (4) .
The pathogenesis of type-2 diabetes and CAD remains obscure because of the interaction of multiple metabolic pathways. Lifestyle modification focusing on nutrition and physical activity has shown substantial health benefits by improving body weight and a variety of cardiometabolic risk factors (5, 6) . Intensive lifestyle interventions, following guidelines established in the Multicenter Lifestyle Demonstration Project (7) , have positive effects on vascular health by altering plasma lipoproteins (8) , improving circulating CAD biomarkers (9) and favourably modulating gene expression in peripheral blood (10) . Likewise, moderate lifestyle changes may be effective for ameliorating cardiovascular (CV) risk (11) . Although lifestyle modification interventions are effective in mediating risk through traditional pathways, little is known about the effects of lifestyle modification on lipid metabolism or the significance of lipoprotein responses in long-term type-2 diabetes and CAD risk reduction.
Insulin resistance (IR) is a key feature of metabolic dysfunction in prediabetes characterized by decreased tissue sensitivity to insulin and a compensatory increase in insulin secretion. Current methods for defining IR, including glycemic status, clamp techniques and oral glucose tolerance tests, haemoglobin A1C and homeostatic model assessment, vary widely in sensitivity and may be confounded by age, gender and physical activity (12) . Lipoprotein particle characteristics measured by nuclear magnetic resonance (NMR) are recognized as important predictors of CV and metabolic risk (13) because lipoprotein profiles have been associated with progression of low-grade coronary artery lesions (14) and CAD severity independent of age and standard lipid measurements (15) . Six lipoprotein parameters showing the strongest association with IR (16) and prediabetes have been used to derive the lipoprotein IR (LPIR) score (17) , a surrogate measure for assessing IR status that may prove useful for identifying patients at risk for developing type-2 diabetes and CAD. The LPIR score was developed using homeostasis model assessment of IR in 4972 non-diabetic subjects from the Multi-Ethnic Study of Atherosclerosis and verified independently using glucose disposal rates measured during hyperinsulinemic-euglycemic clamps (18) . Recent reports show that the LPIR score, which reflects lipoprotein derangements of IR, is associated with incident type-2 diabetes independent of established risk factors (19, 20) .
In this study, we hypothesized that lifestyle modification can be effective for improving IR in individuals differing in the severity of metabolic dysfunction. We used NMR spectroscopy to examine changes in lipoprotein subclasses in two clinical lifestyle modification interventions differing in scope and intensity to improve our understanding of how lifestyle changes impact IR defined by the LPIR score. Our objectives were to (i) assess changes in traditional metabolic risk factors, (ii) measure response of lipoprotein subclasses and (iii) determine changes in IR over 1 year using the LPIR score.
Methods

Human studies
Participation in both lifestyle modification interventions was voluntary, and all participants provided written informed consent. The interventions were performed according to the Declaration of Helsinki, were approved by the Chesapeake Institutional Review Board, Center for IRB Intelligence, Columbia, Maryland (Pro00009375 and Pro00009404) and are registered as NCT01805492 and NCT02136758 at ClinicalTrials.gov.
Intensive lifestyle modification intervention
The intensive intervention was a year-long prospective, non-randomized clinical programme, based on the Dr Dean Ornish Program for Reversing Heart Disease, designed to stabilize or reverse progression of heart disease through comprehensive changes in lifestyle. Entry criteria included physician-diagnosed diabetes or CAD (stable angina, angioplasty, ≥50% luminal narrowing on coronary angiogram, acute myocardial infarction, bypass surgery or stent placement) or presence of two or more metabolic risk factors: obesity (body mass index [BMI] ≥30), hypertension (systolic blood pressure [BP] ≥140 mmHg or diastolic BP ≥90 mmHg), borderline or high total cholesterol (≥200 mg dL À1 ) or family history of heart disease in parents or siblings. Individuals with a known history of autoimmune disease or a systemic/chronic disease requiring chemotherapy or long-term treatment were excluded from participation. Although subjects were required to abstain from smoking for at least 3 months prior to and during the programme, compliance was not verified through cotinine assays. The intervention group participated in a 3-month therapeutic education and lifestyle workshop in which they developed individualized lifestyle plans to reduce metabolic risk. Lifestyle plans focused on a Mediterranean-style diet that included moderate carbohydrate and animal/vegetable fat, weight loss, strength and endurance, and stress reduction. Participants first attended a 4-h orientation that outlined objectives, requirements and expectations and then met individually with a registered dietitian, exercise physiologist, stress management instructor and psychologist to learn effective strategies for integrating healthy changes into their current lifestyle. Subjects met monthly with each specialty provider to receive reinforcement for implementing recommended lifestyle changes and guidance for maintaining success on their own. Total time commitment was 199.7 ± 175.2 h (3.8 ± 3.4 h week À1 ), excluding compliance reporting. Over the next 9 months, participants received additional instruction for integrating healthy behaviours into daily life through monthly contact with an integrative health coach. Participants enrolling in the moderate lifestyle intervention were randomly assigned to the treatment or control arm to minimize selection bias and confounding. Control subjects received standard care from their primary physicians but did not participate in any component of the lifestyle programmes or receive any advice or counselling beyond routine care information regarding healthy lifestyle behaviours.
Clinical measurements
Clinical examinations were held at baseline (pretreatment) and 1 year (post-intervention) to collect fasting blood samples for lipid profiles and information on anthropometry, BP, physical fitness, mental health, family history and medication use. All interviews and data instruments were administered by trained clinical staff. Medical history was extracted from participants' medical records. Daily caloric intake and nutrient composition were calculated from 3-day dietary recall questionnaires using Food Processor® v10.10 (ESHA Research, Salem, OR, USA). Height and weight were measured on a combined scale (Cardinal Scale, Webb City, MO, USA). BP was recorded using a mercury sphygmomanometer on the right arm of seated, relaxed subjects. Standard lipid assays were performed on fasting plasma samples using an AEROSET ™ clinical chemistry system (Abbott Laboratories, Abbott Park, IL, USA). To monitor treatment fidelity, all subjects self-reported their daily diet, exercise and stress management frequency/duration, group support meeting attendance and any smoking activity on a weekly basis.
Lipoprotein subclass measurements
Lipoprotein subclass concentrations and mean particle diameters were measured by NMR spectroscopy at LipoScience (now LabCorp, Raleigh, NC, USA) and calculated using the LipoProfile-3 algorithm following previously published methods (18) . Six lipoprotein measures, including large very-low-density lipoprotein (VLDL) particle concentration, VLDL size and small LDL concentration, which show a positive association with development of IR, and large HDL concentration, HDL size and LDL size, which are negatively associated (protective) with IR, were used to derive the LPIR score, with values ranging from 0 (most insulin sensitive) to 100 (most insulin resistant) ( Figure S1 ). Inter-assay and intra-assay coefficients of variation (%CV) for these lipoprotein measurements have been well characterized and are generally <6% (22).
On-treatment analysis
Flow diagrams showing enrollment, attrition and programme completion for both lifestyle modification interventions are presented in Figure 1 . On-treatment analysis for the intensive intervention included 90 participants with matched controls who completedand results were combined to yield the intention-to-treat analysis P values. Final sample sizes were 157 intensive lifestyle participants, 131 controls; 114 moderate lifestyle participants, 70 controls.
Statistical analysis
The on-treatment analysis was conducted using R statistical software (v3.1.1). All significance tests were twosided, and significance was set at α = 0.05. A Wilcoxon signed-rank test or matched pairs t-test compared baseline variables between intensive lifestyle participants and matched controls. A Wilcoxon rank-sum test or independent samples t-test was used to compare baseline variables between moderate lifestyle subjects and randomized controls. An independent samples t-test or chi-squared test was used to compare baseline variables between participants in the intensive and moderate lifestyle modification interventions. Regression modelling adjusted for metabolic risk factors and changes in lipidlowering medications was used to assess changes in LPIR score, lipoproteins and risk factors from baseline to 1 year in the intervention and control groups in both interventions. Data for certain variables were logtransformed or square root-transformed to achieve normally distributed and homoscedastic residuals in regression modelling. Repeated measures analysis of variance was used to assess the potential influence of medication use on risk factor response.
Results
Intensive lifestyle
Baseline characteristics of intensive lifestyle modification participants are presented in Table S1 . Average age at baseline was 60.3 years (range 40.7-79.8). At entry, many subjects had clinically relevant disorders: 63% were clinically obese, 57% had hypertension, 46% had high cholesterol and 46% had severe IR (LPIR ≥75). Over the course of 1 year, the intensive intervention resulted in significant reductions in the number of obese (63% down to 40%, P = 0.003), hypertensive (57% to 37%, P = 0.008), dyslipidemic (46% to 30%, P = 0.007) and severely insulin-resistant (46% to 28%, P = 0.003) participants.
All lipoprotein components of the LPIR score, dietary measures and metabolic risk factors did not differ significantly at baseline between participants who completed the intervention (n = 111) and those who dropped out (n = 46), but dropouts tended to be younger (54.3 ± 10.7 vs. 60.9 ± 8.8 years of age; P < 0.001) and heavier (107.1 ± 32.1 vs. 95.5 ± 21.3 kg; P = 0.046) than completers (Table S2) . Subjects excluded because of non-matching (n = 21) had higher levels of large HDL particles (4.9 ± 2.4 vs. 3.8 ± 2.4 μmol L À1 ; P = 0.031), larger average HDL size (9.0 ± 0.4 vs. 8.8 ± 0.4 nm; P = 0.025) and higher HDL cholesterol (50.4 ± 12.1 vs. 44.3 ± 12.7 mg dL À1 ; P = 0.021) than participants included in the on-treatment analysis (Table S3) . Participants had a more atherogenic lipoprotein profile at entry than controls despite the prospective matching strategy but achieved significant improvement in IR, as measured by the LPIR score (À13.3% [95% CI, À18.2 to À8.3]; P = 0.008 adjusted for confounding variables), compared with matched controls (Table 1) . Large VLDL particles (À26.3% [95% CI, À43.0 to À9.6]; adjusted P = 0.004) and VLDL size (À7.6% [95% CI, À10.6 to À4.5]; adjusted P = 0.009), lipoprotein parameters positively associated with development of IR, also showed a significant decrease compared with controls. Participants with severe IR (LPIR ≥75 at baseline; n = 41) faired significantly better during the intervention (À19.4%; adjusted P < 0.001) than subjects with less severe IR (baseline LPIR <75; À5.5%).
There was a clear overall health benefit from the intervention as evidenced by significant improvements in CV risk factors. Participants reduced their dietary fat consumption (À61.7% [95% CI, À74.9 to À48.6]; adjusted P < 0.001) and showed significant reductions in BMI (À8.9% [95% CI, À10.3 to À7.4]; adjusted P < 0.001), body weight (À8.9% [95% CI, À10.3 to À7.4]; adjusted P < 0.001), diastolic BP (À5.9% [95% CI, À8.9 to À2.9]; adjusted P = 0.011) and total cholesterol (À5.2% [95% CI, À8.3 to À2.1]; adjusted P = 0.027) compared with matched controls (Table 1) .
Moderate lifestyle
Baseline characteristics of moderate lifestyle patients are presented in Table S1 . Average age was 61.5 years (range 33.9-86.2). There were no baseline differences between intervention subjects and randomized controls. At entry, 51% of patients were clinically obese, 44% had hypertension, 29% had high cholesterol and 18% had severe IR, but by the end of treatment, the percentage of obese patients had declined to 42% (P = 0.049), hypertensive patients down to 26% (P = 0.010), dyslipidemic to 25% (P = 0.198) and severely insulin resistant to 15% (P = 0.486). Dropouts (n = 25) were younger (56.0 ± 11.2 vs. 61.5 ± 10.1 years of age; P = 0.034) and had higher concentrations of large VLDL particles (6.4 ± 5.0 vs. 4.7 ± 5.0 nmol L À1 ; P = 0.031), higher triglycerides (171 ± 80
vs. 136 ± 66 mg dL
À1
; P = 0.044) and a higher triglyceride/HDL ratio (4.3 ± 2.8 vs. 3.1 ± 1.9; P = 0.037) than completers (Table S4) .
Participants in the moderate lifestyle modification intervention also achieved significant reduction in IR (LPIR score À8.8% [95% CI, À12.9 to À4.7]; adjusted P = 0.001) compared with randomized controls (Table 2 ). Significant improvements were observed for large VLDL particles (À14.2% [95% CI, À27.4 to À1.0]; adjusted P = 0.024), HDL size (+1.2% [95% CI, +0.5 to +1.9]; P = 0.046) and the following CV risk factors: dietary fat intake (À12.8% [95% CI, À23.2 to À2.4]; P = 0.044), BMI (À2.8% [95% CI, À3.8 to À1.9]; P < 0.001), body weight (À2.8% [95% CI, À3.8 to À1.9]; P < 0.001) and diastolic BP (À6.3% [95% CI, À9.3 to À3.4]; P = 0.047). Changes in LPIR were similar for patients with severe IR (À6.2%; n = 16) and mild IR (À9.8%; adjusted P = 0.486) at entry.
Intention-to-treat analysis
Conclusions from the intention-to-treat analysis were nearly identical to those from the on-treatment analysis (Table 3 ). In the intensive lifestyle modification intervention, the LPIR score, large VLDL particle concentrations and VLDL size showed a significant reduction (P < 0.001). With moderate lifestyle, changes in LPIR, large VLDL particles, large HDL particles and HDL size were significant (P < 0.05) in the intention-to-treat analysis.
Medication usage
In regression modelling, improvement in the LPIR score and large VLDL particles remained significant after adjustment for changes in lipid-lowering medications in both lifestyle interventions. Likewise, lipoprotein changes in the subset of participants who were not taking or did not change the brand or dosage of lipid-lowering medications during the intervention were similar to lipoprotein ‡ Change from baseline to 1 year between groups based on regression modelling and adjustment for confounding variables. § Data were log-transformed for regression modelling. # Data were square root-transformed for regression modelling.
*Change from baseline to 1 year within each group: P < 0.05. **Change from baseline to 1 year within each group: P < 0.001. BMI, body mass index; BP, blood pressure; HDL, high-density cholesterol; LDL, low-density cholesterol; LPIR, lipoprotein insulin resistance; VLDL, very-low-density cholesterol.
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Lifestyle intervention and IR D. L. Ellsworth et al. 287 changes in all patients (Table S5 ), indicating that medication use did not have significant effects on the LPIR score or lipoprotein response during lifestyle intervention.
Discussion
Lifestyle modification interventions differing in dietary stringency, exercise intensity and time commitment improved IR and related lipoprotein parameters in patients with cardiometabolic disease or adverse risk factor profiles. Despite baseline differences in disease severity, patients in both lifestyle modification interventions significantly improved their IR status, as measured by the lipoprotein-derived LPIR score, independent of other risk factors including BMI and triglyceride levels. The intensive lifestyle modification intervention focusing on a low-fat diet and the moderate lifestyle modification intervention with a Mediterranean diet also led to significant reductions in several cardiometabolic risk factors, including dietary fat and saturated fat intake, body weight and BMI, and diastolic BP. These results were confirmed and strengthened in an intention-to-treat analysis. Insulin resistance increases risk of developing type-2 diabetes and is an independent risk factor for major CV events in patients with pre-existing arterial disease (24, 25) . In addition to influencing development of clinical disease and mortality (26) , IR is now recognized to play an important role in preclinical (silent) CAD. Recent studies indicate that IR is associated with asymptomatic myocardial perfusion defects in normotensive adults with preclinical diabetes (27) and is linked to angiographically documented silent CAD in patients with type-2 diabetes (28) . A growing body of research suggests that altered glycemic control affects myocardial metabolism (29) and Table 2 Baseline and 1-year changes in the LPIR score and other cardiovascular risk factors in moderate lifestyle modification intervention participants (n = 89) and randomized controls (n = 58)
Baseline
Change (%) in 1 year Change from baseline to 1 year between groups based on regression modelling and adjustment for confounding variables. § Data were log-transformed for regression modelling.
# Data were square root-transformed for regression modelling. *Change from baseline to 1 year within each group: P < 0.05. **Change from baseline to 1 year within each group: P < 0.001. BMI, body mass index; BP, blood pressure; HDL, high-density cholesterol; LDL, low-density cholesterol; LPIR, lipoprotein insulin resistance; VLDL, very-low-density cholesterol.
that abnormal myocardial metabolism plays a significant role in the development of cardiac dysfunction (30) . Therefore, ameliorating IR should be considered a key target for metabolic interventions in patients at risk for diabetes and CAD. Recent meta-analyses have shown that lifestyle interventions promoting a healthy diet and physical activity are effective for improving cardiometabolic health and preventing progression to type-2 diabetes (31, 32) . However, a plethora of lifestyle interventions are available that differ substantially in behavioural change strategy (33) , which may affect efficacy and long-term adherence (34) . Research suggests that intensive interventions are usually more effective in reducing CV risk factors and preventing progression to diabetes (31, 35) . In this study, we show that a clinically intensive intervention (~11 h week À1 ) and a moderate lifestyle intervention, requiring~4 h week
À1
and focusing on personalized lifestyle changes through patient education (36), were both effective for improving IR in the majority of participants. For subjects with severe IR at entry, intensive lifestyle changes may be superior to moderate changes for ameliorating IR. Combining patients from both lifestyle interventions allowed us to examine how basic overall changes in diet, exercise and body weight during lifestyle modification affect IR. Scatter plots showed a significant positive correlation between changes in the LPIR score and overall changes in BMI, but no significant correlation with fat consumption or exercise (Figure 2 ). Although research suggests that diet (37) and exercise (38) influence plasma lipoproteins, our results indicate that weight loss should be the focus of a comprehensive healthy lifestyle intervention for improving IR and reducing CV risk.
Impaired insulin sensitivity and adiposity may contribute to occlusive vascular disease through an increase in the concentration of large triglyceride-rich VLDL particles (39) , which have been positively associated with coronary artery calcification (40, 41) and severity of CAD (15) . Large VLDLs may be more important for atherogenic risk than medium or small VLDLs because large lipid-enriched VLDL particles are more efficiently catabolized to small dense LDLs (42) , which more easily penetrate the endothelial wall, thereby enhancing accumulation of triglycerides and cholesterol ester in the vascular intima. Patients in both lifestyle programmes showed a significant reduction in circulating large VLDL particles, which suggests a potential mechanism by which improvement in IR may inhibit atherosclerotic involvement and reduce cardiometabolic risk. Lipid-lowering medications such as statins and fibrates reduce plasma VLDL concentrations by inhibiting hepatic secretion and stimulating catabolism of triglyceride-rich lipoproteins (43) . Because >50% of our participants were taking prescription agents to manage hyperlipidemia at baseline, we examined the potential impact of changes in lipid-lowering medications on LPIR and lipoprotein profiles during lifestyle modification. We found that (i) changes in the LPIR score and large VLDL particle concentrations remained significant after adjustment for changes in lipid-lowering medication use in both lifestyle interventions and (ii) results of participants who were not taking or did not change the brand or dosage of medications during the study were similar to those in all participants. These observations support our conclusion that medication use did not have a significant impact on LPIR or lipoprotein response during lifestyle modification.
Metabolic risk reduction through intensive lifestyle modification involved demanding behavioural changes that required motivation and an excessive time commitment, which may restrict the applicability and generalizability of an intensive intervention outside a controlled clinical environment. Accordingly, it was impractical to use a randomized design for the intensive lifestyle intervention, and matched controls differed significantly from participants at entry for several metabolic risk factors, including LPIR score, lipoprotein profiles and body weight. However, well-designed case-control studies may be similar to randomized trials for estimating treatment effects (44) . Nevertheless, a randomized trial with moderate lifestyle changes and broader clinical applicability was similarly effective for improving IR defined by the LPIR score. Participants were not fully compliant in all programme areas and dropout rates exceeded 20% in both lifestyle interventions, which may have biased our interpretation of intervention efficacy in the on-treatment analyses, but an intention-to-treat analysis that included all participants validated and reinforced results of the main analyses. Although changes in numerous lipid-lowering medications did not substantially affect LPIR response to lifestyle modification, other medications with secondary effects on lipoproteins may have influenced the results. In addition, lipoprotein parameters comprising LPIR may be affected by hypertriglyceridemic conditions unrelated to IR. Finally, NMR spectroscopy cannot distinguish between VLDL particles and chylomicron remnants of similar size; thus, other remnant particles may have interfered with our quantitation of VLDL.
In conclusion, clinical lifestyle interventions that favourably modify lipoprotein profiles may ameliorate IR and reduce risk for diabetic and CV complications. In this study, we showed that detailed lipoprotein profiling may provide insight into mechanisms underlying changes in vascular atherogenicity that occur with lifestyle modification and improve our understanding of lifestyle influences on dyslipidemia and insulin sensitivity. Although additional research is needed to determine factors influencing long-term changes in IR, physicians should consider the benefits of moderate lifestyle changes for improving insulin sensitivity when developing treatment regimens for patients at risk for diabetes and CAD. An increased understanding of lifestyle influences on lipoproteins and IR may be useful for developing tailored therapies for maintaining optimal cardiometabolic health. 
